Summary Purpose CD37 is cell surface tetraspanin present on normal and malignant B cells. Otlertuzumab (TRU-016) is a novel humanized anti-CD37 protein therapeutic that triggers direct caspase independent apoptosis of malignant B cells and induces antibody-dependent cell-mediated cytotoxicity. This study evaluated the safety, pharmacokinetics, and efficacy of otlertuzumab administered in combination with rituximab and bendamustine to patients with relapsed, indolent B-cell nonHodgkin Lymphoma (NHL). Methods Patients with relapsed or refractory NHL received otlertuzumab (10 or 20 mg/kg) intravenously (IV) on days 1 and 15, bendamustine (90 mg/ m 2 ) on days 1 and 2, and rituximab (375 mg/m 2 ) on day 1 for up to six 28 day cycles. Responses were determined using standard criteria. Results Twelve patients were treated with 6 patients at each dose level; median age was 57 years (range, 51-79), and median number of prior regimens was 3 (range, 1-4). All patients had relapsed after prior rituximab including 7 refractory to their most recent previous treatment. In the 10 and 20 mg/kg dose cohorts, the mean half-life was 8 and 10 days following the first dose, and 12 or 14 days following 12 doses of otlertuzumab, respectively. Overall response rate was 83 % (10/12) with 4 CRs (32 %). The most frequent adverse events were neutropenia, nausea, fatigue, leukopenia, and insomnia; most were grade 1 or 2. Conclusions Otlertuzumab in combination with rituximab and bendamustine was well tolerated and induced responses in the majority of patients with relapsed indolent B-NHL. NCI Clinical Trials Network registration: NCT01317901.
Introduction
Rituximab induces cytotoxicity by antibody dependent cellmediated cytotoxicity (ADCC), complement activation, and apoptosis, and is the most frequently used agent for initial or maintenance therapy of B-cell NHL. Rituximab increases the response rates and progression-free survival for patients with indolent NHL when combined with various chemotherapeutic agents. Unfortunately, most patients relapse so alternative treatments are needed.
The combination of bendamustine and rituximab has been studied in patients with relapsed NHL. In 63 patients with rituximab-naïve mantle cell or low-grade lymphomas in first to third relapse or refractory to previous treatment, the overall response rate was 90 % (95 % CI, 80 % to 96 %) with a complete remission rate (CR) of 60 % (95 % CI, 47 % to 72 %). [1] The median time of progression-free survival was 24 months (range, 5 to 44+ months). In a 67 patient study of BR with relapsed, indolent B-cell or mantle cell lymphoma without documented resistance to prior rituximab overall response rate was 92 % (41 % CR, 14 % unconfirmed CR, and 38 % partial response). Median progression-free survival time was 23 months (95 % CI, 20 to 26 months). [2] Agents with different mechanism of action are being explored, including ibrutinib [3] , a BTK inhibitor; lenalidomide [4, 5] , an immunomodulatory agent; everolimus [6, 7] and temsirolimus [8] [9] [10] , both mTOR inhibitors; and idelalisib, a PI3K-δa inhibitor [11] . There is a strong need for novel treatments in relapsed NHL that overcome resistance to chemotherapy and rituximab [12] .
Otlertuzumab is a CD37-specific, single chain, homodimeric therapeutic protein built on the ADAPTIR™ (modular protein technology) platform and has some properties similar to antibodies. ADAPTIR mono-specific molecules are singlechain polypeptides comprised of 3 components: a binding domain (VL and VH), a hinge domain, and an effector domain (huFc). These single-chain polypeptides dimerize within Chinese hamster ovarian (CHO) cells during production. Because of the differentiated structure from monoclonal antibodies, ADAPTIR mono-specific molecules have the capacity to stimulate a unique signaling response [13] . The modular design enables changes in composition of the individual components to tailor the biological activity of the ADAPTIR mono-specific molecule to fit the desired product profile. Like monoclonal antibodies, ADAPTIR mono-specific molecules have the potential to bind cell surface targets as well as neutralize soluble antigens that are implicated in human disease.
CD37 is a heavily glycosylated cell surface protein that is expressed constitutively at high levels on human B cells including transformed human B cell leukemia and lymphoma cells [14] [15] [16] [17] . CD37 is either absent or expressed very weakly on normal T cells, monocytes, and neutrophils, and is absent on platelets and erythrocytes [14] , therefore CD37 is considered to be a lineage-specific marker of human B cells and represents a therapeutic target for B cell-directed therapy in NHL [11] .
Otlertuzumab has been shown to have two proposed distinct mechanisms of action: to induce direct caspaseindependent apoptosis of malignant B cells and to induce potent Fc-dependent cellular cytotoxicity, also known as antibody-dependent cell-mediated cytotoxicity (ADCC). [18] By use of these mechanisms, otlertuzumab has the capability to deplete CD37 expressing B-NHL cells.
Otlertuzumab has potential beneficial clinical attributes for the treatment of malignant human B-cell tumors. First, because otlertuzumab delivers its signal via interaction with CD37 rather than CD20, otlertuzumab offers the possibility for therapeutic benefit when CD20 is shed, blocked, or removed from the surface of the targeted B cells, a limitation that has been reported for chronic lymphocytic leukemia CLL. [19] [20] [21] Second, in preclinical models, treatment with otlertuzumab has resulted in increased anti-tumor activity when combined with other therapeutic drugs used for B-cell malignancies. [22, 23] In vitro studies show positive combinatorial activity of otlertuzumab with rituximab and/or bendamustine. These findings were extended to in vivo xenograft models, where otlertuzumab plus bendamustine or rituximab resulted in a greater inhibition of tumor growth as compared to that attained with each individual drug. A three-drug regimen with otlertuzumab, rituximab, and bendamustine resulted in an even more profound inhibition of tumor growth compared to the two-drug combination. In addition, the observed efficacy of otlertuzumab with rituximab could be extended through repeated (maintenance) dosing leading to tumor growth delay and overall survival well beyond the dosing period.
The first in human phase 1 trial of otlertuzumab demonstrated encouraging activity in patients with CLL and NHL [24] . The study indicated that otlertuzumab has single-agent clinical activity and appeared to be well tolerated in an advanced CLL and NHL patient population. A maximum tolerated dose (MTD) was not determined in clinical studies of otlertuzumab in patients with CLL. Based on the pharmacokinetic modelling the 20 mg/kg dose was expected to produce trough levels ten-fold higher than the in vivo concentration that induced antibody-dependent cell-mediated cytotoxicity (ADCC) or apoptosis.
Thus, we hypothesized that the addition of otlertuzumab to rituximab and bendamustine could further improve the response in relapsed indolent lymphoma patients. The study reported here evaluates the safety, pharmacokinetics, and efficacy of otlertuzumab, bendamustine, and rituximab in subjects with relapsed indolent lymphoma.
Patients, materials, methods

Eligibility criteria and study design
Previously treated patients≥18 years of age with a histologically confirmed diagnosis of indolent non-Hodgkin's B-cell lymphoma (i.e., follicular lymphoma, small lymphocytic lymphoma, and marginal zone lymphoma) that had relapsed (relapsed was defined as confirmed progressive disease (PD) after receiving the most recent prior therapy, or failure to achieve at least a partial response (PR) while receiving the most recent prior therapy) with bi-dimensionally measurable disease including at least one lesion measuring≥1.5 cm in a single dimension were eligible to enroll. Patients were required to have the following: an Eastern Cooperative Oncology Group (ECOG) performance status≤2; creatinine clearance>40 mL/min as calculated by the Cockcroft-Gault method; total bilirubin, serum glutamic oxaloacetic transaminase (SGOT), and serum glutamate pyruvate transaminase (SGPT)≤2.0 x upper limit of normal (ULN); an absolute neutrophil count (ANC)≥1,000/mm 3 ; and a platelet count ≥ 100,000/mm 3 . Patients were required to have discontinued all previous anti-cancer or investigational therapy at least 28 days prior to study therapy. Patients were not eligible if they had received otlertuzumab, had previously discontinued treatment with rituximab due to unresolved toxicity; were refractory to bendamustine; received therapeutic corticosteroids at doses equivalent to>10 mg prednisone per day for longer than 5 days within 14 days prior to the first dose of study drug; received filgrastim or equivalent within 14 days prior to screening or pegfilgrastim within 28 days prior to screening; had prior stem cell transplant or prior autologous stem cell transplant within 12 months prior to the first dose of study drug; received blood or platelet infusion within 7 days prior to screening; had previous or concurrent additional malignancy except non-invasive, non melanomatous skin cancer or in situ carcinoma of the cervix, or other solid tumors if the subject had been disease-free for a minimum of 2 years prior to the first dose of study drug; central nervous system or leptomeningeal lymphoma; any significant concurrent medical diseases or conditions; an allergy to mannitol; history of positive serology for human immunodeficiency virus; positive serology for hepatitis B or hepatitis C; were pregnant or breastfeeding; or had other severe, acute, or chronic medical or psychiatric condition, laboratory abnormality, or difficulty complying with protocol requirements that could increase the risk associated with study participation or study drug administration or could interfere with safety.
The objective of this study was to evaluate the safety of 10 mg/kg and 20 mg/kg dose levels of otlertuzumab given in combination with rituximab and bendamustine in subjects with relapsed indolent lymphoma. In addition, this study investigated the pharmacokinetics and pharmacodynamics of otlertuzumab.
Dose limiting toxicity included the following toxicities that occurred during Cycle 1: Grade 4 hematological toxicity that had not resolved to≤Grade 2 within 2 weeks of the time that initiation of Cycle 2 was scheduled; ≥ Grade 3 nonhematological adverse event, except for Grade 3 fatigue, Grade 3 infection, Grade 3 nausea, and Grade 3 infusion reaction; Grade 3 nausea for more than 5 days despite adequate treatment; Grade 4 febrile neutropenia; Grade 4 acute infusion-related reaction, allergic reaction, anaphylaxis, or cytokine release syndrome; recurrent ≥ Grade 3 acute infusion-related reaction, allergic reaction, anaphylaxis, or cytokine release syndrome; Grade 5 toxicities.
Dosing
Otlertuzumab was administered by intravenous (IV) infusion over 2 to 3 h at a dose of 10 mg/kg or 20 mg/kg on days 1 and 15 of each 28 day cycle for 6 cycles. The starting dose and schedule were below the maximum tolerated dose (MTD) of 30 mg/kg determined from the previous dose-escalation study using single-agent otlertuzumab in CLL and NHL patients. Bendamustine (90 mg/m 2 ) was administered on days 1 and 2 of each cycle and rituximab (375 mg/m 2 ) was administered on day 2 of each cycle.
Otlertuzumab was supplied by Emergent BioSolutions (Seattle, WA). Bendamustine and rituximab were purchased commercially.
Safety assessments
Toxicity was assessed at each evaluation according to the NCI Common Terminology Criteria for Adverse Events (CTCAE), version 3.0.
No reduction in otlertuzumab and rituximab dosing was permitted. After Cycle 1, in the event of Grade 4 hematological or≥Grade 3 non-hematological toxicities, the dose of bendamustine was to be reduced to 60 mg/m 2 . If Grade 4 hematological or≥Grade 3 non-hematological toxicities recurred with 60 mg/m 2 bendamustine, the subject had to discontinue study treatment. Use of growth factors was allowed during Cycles 2 through 6, but not during Cycle 1.
Response assessments
Response was assessed by the investigator on the basis of clinical, radiological, and pathological (i.e., bone marrow) criteria, using the Revised Response Criteria for Malignant Lymphoma [25] . CT scans and response assessment was performed between Day 15 and 28 of cycles 2, 4, and 6, and 60 days after end of treatment visit. A bone marrow aspirate and biopsy were performed between Day 15 and Day 28 of an even-numbered cycle if a complete response (CR) was observed and bone marrow was involved by lymphoma prior to initiation of study drug. FDG-PET was not utilized to determine response.
Pharmacokinetic analyses
Serum samples for PK analysis were analyzed by a qualified and sensitive ELISA assay specifically developed for otlertuzumab using a monoclonal antibody specific for the CD37 binding domain of otlertuzumab, which is used to capture and detect otlertuzumab in serum with a standard bridging ELISA format. Actual times after otlertuzumab dose administration for individual subjects were used in all pharmacokinetic calculations; however, the proscribed times were used for graphing. Patients not receiving a full dose of otlertuzumab were excluded from pharmacokinetic parameter calculations such as mean C max and total AUC. Values for C max and time to reach C max (T max ) were obtained by direct inspection of data. Area under the concentration-time curve (AUC t ) was determined by the log-linear trapezoidal rule from time 0 to the last observed concentration (C t ) at time t using GraphPad Prism® Version 6.01 (GraphPad Software, San Diego CA). Otlertuzumab pharmacokinetic parameters were estimated using validated WinNonlin Professional Version 6.3 software (Pharsight Corporation, Mountain View, CA) with non-compartmental methods when a patient had sufficient late time points available for PK analysis. Individual concentration-time profiles were plotted and the terminal disposition rate constant (λ z ) was determined by the log-linear regression of at least 3 points judged to be in the terminal phase. Descriptive statistics, such as means, standard deviations, and precision (% CV) were calculated for variables using Microsoft® Excel® 2010 (Microsoft Corporation, Redmond, WA).
Statistical methods
Data analyses were based on descriptive statistics. For continuous variables, these statistics included the following: mean, median, standard deviation, minimum, and maximum. Final study analyses were conducted after the last patient stopped study treatment and response was assessed using intent-totreat analysis. Time-to-event variables were described using Kaplan-Meier estimates, as well as mean and median time with 2-sided 80 % confidence intervals of the mean and median [26] .
Results
Patient characteristics and treatment
Twelve adult patients, 6 in each dose group, were enrolled at 4 sites between May and October 2011. Demographic characteristics are summarized in Table 1 and Table 2 . The median age of patients was 57 years (range, 51 to 79 years). Nine patients had follicular lymphoma and 3 had small lymphocytic lymphoma. Four patients had bulky disease (≥5 cm). Seven of 11 patients were Ann Arbor stage III or IV and Follicular Lymphoma International Prognostic Index (FLIPI) scores at study entry were: 2 high, 4 intermediate, and 6 low. All patients had relapsed after prior rituximab including 7 refractory to their most recent previous treatment. Prior therapies included CHOP-R (cyclophosphamide, doxorubicin vincristine, and prednisone) in 8 patients, RICE (rituximab, ifosfamide, carboplatin, etoposide) in 5 patients, single agent rituximab in 5 patients, and autologous transplant in 2 patients. No patients had received prior bendamustine. The median number of prior regimens was 3 with a range of 1 to 4. Time since last treatment was more than 1 year in 7 patients. The median numbers of otlertuzumab infusions was 12 (range, [4] [5] [6] [7] [8] [9] [10] [11] [12] . Seven patients completed all 6 cycles. Two patients were responding but discontinued therapy to receive a transplant.
As shown in Table 2 , in the 10 mg cohort, 5 patients completed treatment and 1 patient discontinued after Cycle 1 due to disease progression. In the 20 mg cohort, 2 patients completed treatment, 2 discontinued study drug early (after Cycle 2 and Cycle 4) to receive a transplant, and 2 discontinued due to adverse events (one for thrombocytopenia and myelodysplastic syndrome and 1 for neutropenia as required by the protocol).
Toxicities
Adverse event data are summarized in Table 3 . No DLTs were observed. The most frequently reported (>25 %) adverse events were neutropenia, nausea, fatigue, decreased white blood cells, and insomnia. Grade 1 and 2 infections were reported for 3 patients in the 20 mg/kg cohort, one grade 1 infection was considered related to otlertuzumab. Severe (grade 3/4) adverse events reported in more than 1 patient were neutropenia (5 patients), decreased neutrophil count (3 patients), decreased white blood cell count, hypophosphatemia, lymphopenia, pulmonary thrombosis (2 patients each), and nausea, abdominal pain, lymphocyte count decreased, and hyperglycemia (1 patient each). Eight serious adverse events were reported in 5 patients. Three patients had serious adverse events considered related to otlertuzumab; one patient had neutropenia, one had pulmonary artery thrombosis, and one had pulmonary artery thrombosis, deep vein thrombosis, and retinal vein occlusion.
Ten of the 12 patients completed all 6 cycles. Discontinuation due to adverse events occurred in 2 patients (17 %), both in the 20 mg/kg cohort; one patient who had 3 prior regimens including autologous transplant developed myelodysplastic syndrome after 3 cycle of study drug and one with 1 prior regimen had grade 4 neutropenia attributed to bendamustine after cycle 3. The protocol required discontinuation after 2 weeks if the absolute neutrophil counts did not recover. These patients had PR and CR, respectively. In this small study, there was no apparent relationship between dose and toxicity.
Clinical responses
The overall response rate was 83.3 % for all 12 subjects with 4 of 6 (67 %) in the 10 mg/kg cohort and 6 of 6 (100 %) in the 20 mg/kg dose cohort having a response. Three patients in the 10 mg/kg cohort and 1 in the 20 mg/kg cohort had a complete response (CR). Three of the 4 patients with bulky disease and 5 of the 7 patients refractory to last treatment responded to the regimen. All responses were seen in Cycle 2 and these patients had not progressed at the 60 day follow up assessment ( Table 2) . Reduction in lymph node size was observed in 11 (92 %) patients at completion of study treatment (Fig. 1 ).
Pharmacokinetics and pharmacodynamics
Serum concentrations of otlertuzumab were measured at multiple time points throughout the dosing cycle and mean concentrations and CD19+ cells per mm 3 over time are plotted by dose group in Fig. 2 . Systemic exposure for subjects, or the AUC, was more variable following multiple doses, because not all subjects completed 6 full treatment cycles. For subjects treated with 10 mg/kg, 5 of 6 subjects were able to complete all 6 treatment cycles, whereas only 2 of 6 subjects dosed with 20 mg/kg completed 6 treatment cycles with otlertuzumab. At these doses and this schedule, concentration was maintained throughout the treatment period. For all but one patient, circulating CD19+ cells decreased to 2 or fewer cells/mm 3 by Day 29. Table 4 and Table 5 contain PK parameter estimates for each patient and include group means, standard deviations, and a measure of precision (coefficient of variation).
After single IV doses of otlertuzumab, a biphasic pattern of decline was apparent in the concentration-time curves, and observed concentrations were consistent with a 2 compartment model. The C max or peak concentration for otlertuzumab occurred during or shortly after the first IV infusion for all subjects, and C max for each patient normalized by dose was similar for both treatment groups being 28.14 kg*μg/mL/mg. After a single infusion, otlertuzumab exposure normalized by dose (AUC/dose) was also similar for subjects treated with 10 or 20 mg/kg, being 140.2 day*kg*μg/mL/mg. Additional PK estimates such as mean CL and V z were also similar for both dose levels, being 5.3 mL/day/kg and 65.3 mL/kg, respectively.
The mean terminal T 1/2 was calculated to be 8 and 10 days after a single dose of otlertuzumab for NHL patients dosed with 10 and 20 mg/kg, respectively, and it ranged from 6 to 17 days. After multiple doses of otlertuzumab, mean T 1/2 increased to 12 and 14 days for subjects dosed with 10 and 20 mg/kg, respectively, and it ranged from 10 to 18 days. Serum T 1/2 of otlertuzumab was not significantly affected by dose, when comparing single or multiple doses, as determined Subject prematurely discontinued the study drugs due to an AE of Grade 2 thrombocytopenia. The subject later experienced an SAE of Grade 3 myelodysplastic syndrome and subsequently discontinued from the study c Per protocol, subject was discontinued because ANC did not recover within 2 weeks using Graphpad Prism Software, version 6.01 to run a oneway analysis of variance (ANOVA) test and Tukey's multiple comparisons test. Maximum serum drug concentration values after multiple doses of otlertuzumab were determined using direct inspection of concentration data, and values were higher after multiple doses (Table 4 ) when compared to C max values from a single dose (Table 5 ). For each dose group (10 and 20 mg/kg) there was not a significant difference between otlertuzumab C max values following single or multiple doses (p<0.05) as determined by the same comparison tests run above. However, when comparing C max values from subjects dosed with 10 or 20 mg/kg otlertuzumab, differences were statistically significant (p<0.05) between dose levels after single and multiple doses. Time to reach C max ranged from 14 to 155 days following multiple doses of otlertuzumab, and once again C max normalized by dose was very similar for both dose levels being 43 kg*μg/mL/mg. Both volume and clearance estimates decreased after multiple doses of otlertuzumab, as would be expected when clearance mechanisms become saturated.
Subject systemic exposure to otlertuzumab or the AUC demonstrated greater variability following multiple doses, because not all subjects completed 6 full treatment cycles. For subjects treated with 10 mg/kg, 5 of 6 subjects were able to complete all 6 treatment cycles, whereas only 2 of 6 subjects dosed with 20 mg/kg completed 6 treatment cycles with otlertuzumab. However, data still show that with increasing doses of otlertuzumab, there appeared to be a proportional increase in AUC and C max after single or multiple doses of otlertuzumab, even though AUC after a single dose is more likely to better characterize the dose response during dose escalation.
Discussion
In this multicenter phase Ib study in patients with relapsed/refractory NHL we have shown that otlertuzumab in combination with bendamustine and rituximab was tolerated at a dose of 20 mg/kg with reductions in lymph node size as measured by standard response criteria. Clinical efficacy was observed in this subject population with relapsed indolent lymphoma, with an objective response in most patients. All responses were observed early after 2 treatment cycles. No DLTs were observed in either dose cohort; therefore, on this dosing schedule and in this subject population, the MTD of otlertuzumab when combined with rituximab and bendamustine was found to be at least 20 mg/kg.
Ten of 12 patients completed all 6 cycles of treatment. Although 83 % of patients had a grade 3 or 4 adverse event, most did not lead to discontinuation of study drug. Two events of pulmonary thrombosis were reported in this study. Pulmonary thrombosis, deep vein thrombosis, or retinal vein thrombosis are reported in elderly subjects and in those subjects with lymphoma. Caruso et al. [27] performed a metaanalysis of 29 independent cohorts including 18,018 subjects and 1,149 thrombotic events and found an incidence rate of symptomatic thrombosis of 6.5 % in subjects with NHL. No literature could be found on asymptomatic cases of thrombosis in lymphoma subjects, but repeated use of modern highresolution, contrast enhanced CT imaging may have increased our ability to detect small emboli when compared to historical experiences. The two cases with pulmonary thrombosis were discovered incidentally on routine CT scans for disease assessment. Both subjects were treated and completed therapy with study drugs. One case of deep vein thrombosis and one of retinal vascular occlusion have been reported in over 170 subjects with CLL treated with otlertuzumab.
The mean terminal elimination half-life for otlertuzumab was 8 and 10 days following a single dose of otlertuzumab, and 12 and 14 days following multiple doses of 10 or Fig. 1 Lymph Node Size. Lymph node sum of product diameters from CT Scans obtained during screening were compared to CT scans with the highest reduction in the sum of product diameters 20 mg/kg respectively. This is similar to the half-life of approximately 9.5 days seen in NHL patients and the half-life of approximately 9 days seen in CLL patients when treated with single agent otlertuzumab. The observed kinetics should yield continuous saturation of all available CD37 sites on B-cells throughout the treatment course Biopsies of the malignant tissues were not obtained so it may be possible that CD37 was not adequately expressed. However, the literature notes that CD37 is present on most but not all B-cell NHL tumors [28] [29] [30] [31] [32] [33] [34] The proposed mechanism of action of otlertuzumab is twofold; antibody dependent cytotoxicity and direct apoptosis. CD37 ligation results in phosphorylation and activation of the ITIM-like motif at the N-t of CD37 by LYN kinase, leading to SHP1 recruitment and FoxO3a-dependent BIM upregulation with subsequent mitochondrial depolarization and cell death [35] . This mechanism of action for direct apoptosis is unique and different from the mechanism of action for rituximab [36] , bendamustine [37] , and other agents on the market. Consequently, other combinations may be active and should be explored. For example, the combination of SMIP-016 (murine version of otlertuzumab) and the PI3Kδ isoform-specific inhibitor idelalisib (CAL-101) demonstrated in vitro synergy [35] .
The importance of dual B-cell antigen targeting with otlertuzumab and rituximab along with bendamustine in the context of developing novel approaches for patients with indolent B-NHL stems from the potential to improve response rates and possibly outcomes without an appreciable increase in toxicity. Our data suggest that adverse event rates were comparable to those reported with bendamustine-rituximab combinations [38, 1, 39] . Likewise, response rates were also encouraging, although larger trials will be necessary to validate these findings.
In summary, otlertuzumab combined with rituximab and bendamustine was tolerated with predictable and manageable toxicity and showed clinical efficacy in patients with indolent relapsed lymphoma, with a 100 % objective response rate in the 20 mg/kg dose cohort. Further evaluation of otlertuzumab combined with rituximab and bendamustine in Phase 2 studies is warranted. 
